We disrupted the reverse gyrase gene from a hyperthermophilic archaeon, Thermococcus kodakaraensis KOD1. An apparent positive supercoiling activity that was observed in the host strain was not found in the disruptant strain. We found that a lack of reverse gyrase led to a retardation in growth that was more striking at higher temperatures. However, the disruption of the reverse gyrase gene did not lead to a lethal phenotype at 90°C. This study provides experimental evidence that reverse gyrase is not a prerequisite for hyperthermophilic life.
Reverse gyrase is an enzyme that introduces positive supercoils into covalently closed DNA (12) . The enzyme is comprised of two domains: the C-terminal domain of the protein resembles DNA topoisomerases of the type IA family, and the N-terminal domain harbors the motifs conserved in helicases of superfamilies 1 and 2 (3, 6) . Reverse gyrase has attracted much attention due to the fact that the gene that codes for it is the only gene that is present in all hyperthermophilic genomes and absent from all mesophilic and thermophilic genomes, indicating that the enzyme is the one and only hyperthermophile-specific protein (5, 7) .
Thermococcus kodakaraensis KOD1 is a hyperthermophilic archaeon isolated from a solfatara on Kodakara Island, Kagoshima, Japan (1, 11) . The strain is a strict anaerobe and grows heterotrophically on a variety of organic substrates, including starch, pyruvate, and amino acids (1) . We have recently determined the entire genome sequence of this strain (unpublished data). Moreover, a gene disruption system has been developed for this strain, allowing us to take a genetic approach to studying reverse gyrase in T. kodakaraensis (17) . In order to provide experimental evidence as to whether reverse gyrase is a prerequisite for hyperthermophilic life, we disrupted the reverse gyrase gene of T. kodakaraensis (rgy Tk ) and examined the growth characteristics of the mutant strain at various temperatures.
A detailed search of the T. kodakaraensis genome sequence revealed the presence of only one reverse gyrase gene on the genome (GenBank accession no. AB117612). The deduced amino acid sequence consisted of 1,222 amino acid residues and resembled those of enzymes from the hyperthermophiles Pyrococcus horikoshii (accession no. NP_142736; 73.2% identity with the T. kodakaraensis enzyme), Pyrococcus furiosus (accession no. AAB49283; 72.8% identity), "Pyrococcus abyssi" (accession no. CAB50173; 72.7% identity), Methanococcus jannaschii (accession no. AAB99531; 42.6% identity), and Sulfolobus acidocaldarius (accession no. A47445; 38.1% identity). An intein of 489 residues was present in exactly the same position as those found in the enzymes from P. horikoshii and M. jannaschii. Phylogenetic analysis revealed that the reverse gyrase from T. kodakaraensis (Rgy Tk ) was positioned in the same branch as the enzymes from the three Pyrococcus strains and M. jannaschii (7) , branching off between them with bootstrap values of 100 (data not shown). We also searched for genes that might encode the individual helicase-like and topoisomerase-like domains of reverse gyrase, as the two domains were found to be encoded by two separate genes in "Nanoarchaeum equitans" (10, 21) . Besides the single reverse gyrase gene, we detected one topoisomerase I gene and two genes encoding the two subunits of topoisomerase VI. The topoisomerase I gene encoded a protein of 1,229 residues with an intein of 511 residues, resembling the structure of the topoisomerase I from P. furiosus (72.7% identity). In terms of helicases, no other gene product with notable similarity to the helicase-like domain of Rgy Tk could be detected. The open reading frame that most resembled the domain was an orthologue of the DNA double-strand break repair Rad50 ATPase of P. furiosus (46.8% identity) (9) .
In order to disrupt rgy Tk , a ⌬trpE strain was utilized as the host strain. The trpE gene encodes one subunit of anthranilate synthase (20) , which is necessary for tryptophan biosynthesis, and therefore the ⌬trpE strain displays strict tryptophan auxotrophy. A gene disruption plasmid, designed to delete the entire rgy Tk gene with an intact trpE gene as a marker, was constructed. A DNA fragment containing the entire reverse gyrase gene along with 1,005 and 1,001 bp of the 5Ј-and 3Ј-end-flanking regions, respectively, was amplified by PCR from the genomic DNA of T. kodakaraensis. The primers used were 5F1 (5Ј-GTGGGCCCGCAATGTTCATTACTCTA) and 3R1 (5Ј-TTGCAGCCATGTCCTCAAGGGCGAAG). This fragment was inserted into pUC18, and the resulting plasmid was used as a template for inverse PCR in order to amplify all regions other than the reverse gyrase coding region. The primers used were 5R1 (5Ј-GGCCCCACCCTCTAAGTCTTTCTC TG) and 3F1 (5Ј-TGGTGTTTTAATCGCTTGCCACTATC). This linear DNA fragment was ligated with a DNA fragment including the trpE gene under the control of the pyrF gene promoter of T. kodakaraensis (17) . The plasmid obtained was purified and sequenced in order to confirm the sequence and proper orientation of the following DNA fragments: the 5Ј-end-flanking region of rgy Tk followed by the promoter region, the trpE coding region, and the 3Ј-end-flanking region of rgy Tk (Fig. 1A) . Restriction enzymes and other modifying enzymes were purchased from Takara Shuzo (Kyoto, Japan) or Toyobo (Osaka, Japan). The QIAEX gel extraction kit (QIAGEN, Hilden, Germany) was used to recover DNA fragments from the agarose gel. For the isolation of plasmid DNA, a plasmid minikit (QIAGEN) was used. DNA sequencing was carried out with a BigDye terminator cycle sequencing kit and a model 3100 capillary DNA sequencer (Applied Biosystems, Foster City, Calif.).
We transformed the ⌬trpE strain of T. kodakaraensis by using the plasmid shown in Fig. 1A . All procedures for transformation of T. kodakaraensis and gene disruption have been described in detail elsewhere (17) . Transformants were selected using a synthetic medium in the absence of tryptophan. The medium consisted of 0.8ϫ artificial seawater (16) mg of serine, 100 mg of threonine, 100 mg of tyrosine, and 50 mg of valine per liter), 0.8 mg of resazurin per liter, and 2.0 g of elemental sulfur per liter (pH was adjusted to 6.9 with NaOH). Prior to inoculation, Na 2 S was added to the medium until the medium became transparent. In the case of plate culture, instead of elemental sulfur and Na 2 S, 2 ml of a polysulfide solution (10 g of Na 2 S ⅐ 9H 2 O and 3 g of sulfur flowers in 15 ml of H 2 O) per liter and 1% Gelrite were added to solidify the medium. All components were purchased from Wako Pure Chemical Industries (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).
Although we were aware of the possibility that the gene disruption would lead to a lethal phenotype, particularly at high temperatures, we were able to isolate transformants exhibiting tryptophan autotrophy at 85°C. In order to confirm that the reverse gyrase gene was disrupted in the transformants, PCR analyses and Southern blot analyses were performed. The results of PCR indicated that the reverse gyrase gene was removed from its locus and replaced by the trpE gene (data not shown). Southern blot analyses were performed with three probes (Fig. 1A) . The probe corresponding to the 5Ј-endflanking region of the reverse gyrase gene was amplified with the primers 5F2 (5Ј-CTCAAAGCTCCTGTCTCCTTTCGT TA) and 5R2 (5Ј-GCGAACTCCTCAAAGGCCTCTTCCAA), resulting in a probe of 728 bp. The probe (698 bp) within the coding region of the reverse gyrase gene was amplified with the primers CF1 (5Ј-ACGCTCTAAAGGGCAAGAAGAGC TAC) and CR1 (5Ј-CAGGCCGCCCTTTCCGAGCCTTGT GA), while the probe (700 bp) within the coding region of the trpE gene was amplified with the primers TF1 (5Ј-TCCATCA TCGGGGGGAAGATCGAAGAGC) and TR1 (5Ј-CGAA CGCGTTTTTCCCCTCATCGAGTT). All DNA fragments were labeled with the digoxigenin-DNA labeling and detection kit (Roche Diagnostics, Mannheim, Germany), and all methods were carried out as recommended by the manufacturer. The results of Southern blot analyses (Fig. 1B) confirmed that the reverse gyrase gene had been replaced by the trpE gene and further indicated that the reverse gyrase gene was not present in any other regions of the genome. We therefore designated this strain as the ⌬rgy strain.
We examined the reverse gyrase activity in the host strain and the ⌬rgy strain. The host strain and the ⌬rgy strain were grown at 85°C in the same medium used for growth comparisons (see below). As many competing activities due to various nucleases and topoisomerases are observed in the cell extracts of various hyperthermophiles (4, 14, 15, 18) , partial cell fractionation was carried out with both strains as described elsewhere (14, 15) with slight modifications. Cells were suspended in buffer A (50 mM NaH 2 PO 4 -Na 2 HPO 4 [pH 7.0], 1 mM dithiothreitol, 1 mM EDTA) containing 1.2 M NH 4 Cl, 1 mM EGTA, 1 mM sodium bisulfite, 1 mM phenylmethylsulfonyl fluoride, 3 g of leupeptin per ml, and 3 g of pepstatin A per ml and lysed by ultrasonication. After centrifugation (20,000 ϫ g, 1 h), the supernatant was collected, and polyethyleneimine (Sigma, St. Louis, Mo.) was added to obtain a final concentration of 0.36%. After gentle mixing for 15 min, the mixture was centrifuged at 20,000 ϫ g for 1 h. The supernatant was further clarified by ultracentrifugation at 90,000 ϫ g for 1 h. Ammonium sulfate was added to the supernatant to achieve 70% saturation, and the mixture was centrifuged at 20,000 ϫ g for 1 h. The pellet was dissolved in buffer A with ammonium sulfate at 35% saturation and centrifuged at 20,000 ϫ g for 1 h. The supernatant was used as the partially purified extract. The standard assay mixture (final volume, 20 l) contained 35 mM Tris-HCl (pH 8.0), 72 mM KCl, 5 mM MgCl 2 , 5 mM dithiothreitol, 5 mM spermidine, and 1 g of negatively supercoiled pBR322. When necessary, ATP was added at a final concentration of 2 mM. After 4 g of the partially purified extract was added, the reaction mixture was incubated for 3 min at 75°C, and the reaction was stopped by the addition of 10 l of stop buffer (3% sodium dodecyl sulfate, 0.03% bromophenol blue, 30 mM EDTA, 30% glycerol). In order to detect DNA-relaxing activity, the reaction product was analyzed by 1% agarose gel electrophoresis with Tris-borate-EDTA buffer (90 mM Tris, 90 mM boric acid, and 2 mM EDTA [pH 8.0]). The gel was stained with SYBR Gold (Invitrogen, Carlsbad, Calif.) and visualized under UV illumination. As shown in Fig. 2A , significant DNA-relaxing activity was observed in the case of the host strain. This activity was ATP dependent, suggesting the presence of reverse gyrase in this partially purified fraction. In order to examine the positive supercoiling activity of this fraction, the reaction product was analyzed by two-dimensional agarose gel electrophoresis. After the first dimension, the gel was soaked for 3 h in Tris-borate-EDTA buffer containing 4.5 g of chloroquine per ml, which was also used as the electrophoresis buffer in the second dimension. Chloroquine decreases the mobility of negatively coiled DNA during agarose gel electrophoresis (8) . We could clearly observe the formation of positively supercoiled DNA in the presence of ATP (Fig.  2B) . In contrast, we did not observe significant DNA-relaxing activity in the fractions obtained from the ⌬rgy strain ( Fig. 2A) .
Growth rate comparisons between the host strain and the ⌬rgy strain were performed at various temperatures in a nutrient-rich medium supplemented with pyruvate and elemental sulfur. The medium contained the following, per liter: 0.8ϫ artificial seawater, 5 g of yeast extract, 5 g of tryptone, 10 g of sodium pyruvate, 0.8 mg of resazurin, and 2 g of elemental sulfur. Prior to inoculation, Na 2 S was added to the medium until the medium became transparent. This medium leads to high growth rates of the host strain in batch culture, and we used it because we did not want the medium composition to be a rate-limiting factor in our growth experiments. Under these conditions, the host strain displays growth between 60 and 93°C, with the highest growth rates at approximately 85°C (see below). Growth rates of the host strain and the ⌬rgy strain were examined at various temperatures by measuring the optical density at 660 nm. Growth curves at 60, 65, 70, 75, 80, 85, 90, and 93°C are shown in Fig. 3 . We observed that the growth of the ⌬rgy strain was slower than that of the host strain, a tendency that became more striking at higher temperatures. In contrast to the growth of the host cells, we did not observe growth of the ⌬rgy strain during the examined time period (49 h) at 93°C. At 93°C, we observed significant browning of the medium. The browning initiated after 20 h, and after 49 h, the medium was a dark brown color. Therefore, we cannot rule out the possibility that the ⌬rgy strain may be able to grow at 93°C under more-suitable conditions.
The specific growth rates () (X ϭ dX/dt, where t is time and X is the amount of cells at a given time) of the two strains are shown in Fig. 3 along with the growth curves. The host strain displayed a maximum of 0.69 h Ϫ1 at 85°C, while the maximum of the ⌬rgy strain (0.4 h Ϫ1 ) was observed at 75°C. The ratio of the specific growth rate of the host strain to that of the ⌬rgy strain ( ⌬ / H ) was relatively constant (ca. 0.8) at lower temperatures, between 60 and 75°C. However, at higher temperatures, this ratio displayed a decrease with the elevation in temperature: at 80°C, it was 0.63, at 85°C, it was 0.49, and at 90°C, it was 0.46.
This study aimed to address one question: is reverse gyrase a prerequisite for hyperthermophilic life? The interpretation of our results relies heavily on how we define hyperthermophilic life in terms of temperature. If growth at 90°C is considered hyperthermophilic life, the answer is no. We have clearly shown that a hyperthermophilic cell deprived of reverse gyrase is still capable of growth at 90°C. At this stage, we cannot conclude whether reverse gyrase is necessary for life at temperatures higher than 90°C. Among the known hyperthermophiles, T. kodakaraensis grows at temperatures lower than those preferred by various Methanopyrus (13), Pyrodictium (19) , and Pyrolobus (2) species. Disruption of the reverse gyrase genes in these organisms should help to clarify whether reverse gyrase is an essential enzyme at temperatures above 90°C.
It has been pointed out that if reverse gyrase were a prerequisite for hyperthermophilic life, life could not have originated from a hyperthermophile (6) . This is based on the fact that reverse gyrase exhibits its unique activity through the coordinated function of two domains or components that are members of two completely different protein superfamilies with distinct ancestral proteins (3, 6) . Therefore, the two domains must have evolved independently in less-thermophilic organisms. Although our results do not in any way support the hypothesis of life originating in hot environments, we have clearly shown that life can originate at temperatures up to at least 90°C.
